
ABSTRACT 

ALZAHRANI, BANDAR ABDULRAHMAN. Development of Thick Tube Hydroforging 

Process. (Under the direction of Dr. Gracious Ngaile.) 

 

Tube hydroforging is a hybrid forming operation whereby a thick tube is formed to a desired 

geometry by combining forging and hydroforming operations. Through this process hollow 

structures with high strength-to-weight ratio can be produced for applications in tube fittings, 

automotive parts, power transmission systems, etc. In this process, a thick tube is deformed by 

pressurized fluid contained within the tube using a multi-purpose punch assembly, which is 

also used to feed tube material into the die cavity. The pressure is generated by compressing 

the fluid volume contained within the tube which plastically deformed the tube. 

 

The tube hydroforging process combined tube hydroforming and forging operation. The tube 

hydroforming process is capable of producing light weight and stronger structure, however, it 

is limited to thin tube due to the high equipment cost. On the other hand, forging process is 

limited to bulky parts which need extra processing for weight reduction. By combining these 

processes, tube hydroforging is capable of producing structures in which both strength and 

weight reduction can be achieved in parts such as hollow vessels, hollow polygon shaped 

flanges, and hollow power transmission parts. 

 

In this research, the tube hydrforging process is developed by establishing the process design 

guidelines. The process design guidelines consists of  the establishment of process windows 

for potential part geometries, determination of pressure and feed load path by means of 

analytical/numerical models, and designing a hydroforging system to investigate the process 

capability of producing sound parts. Firstly, the process feasibility was examined by 

establishing the process windows for potential part geometries based on tube and fluid volume 

calculations. Secondly, to establish desirable pressure and feed load path, combined analytical 

and numerical models were introduced. An analytical model to determine initial pressure and 

feed loading paths is formulated for the hydroforging process. The model is derived based on 

plasticity theory and deformed shape evolution. Stepwise solution schemes are used to 

calculate instantaneous pressure, material feed, stresses, strains, and other geometrical 



parameters. The pressure equation derived in the model include a multiplication factor ‍ which 

works as pressure scaling factor. The multiplication factor with  ‍  values in the range  (πȢπ

‍ πȢυ are used to establish the initial pressure profiles which can be refined to obtain 

optimal pressure and feed load path through finite element simulations. The pressure and feed 

load path can be considered optimal when sound product is obtained. Although the derived 

model is focused on simple bulged flanges, it can be extended for other complex shapes. 

Finally, hydroforging experiments were carried out for different potential parts using different 

tube sizes, tube materials, and die inserts to examine the hydroforging process capability of 

producing potential parts. 

 

It was found that variety of potential parts were feasible to form by hydroforging process. The 

analytical-numerical model output showed that  ‍ values between 0.0 and 0.2 were suitable to 

obtain a successful part for most of the geometries and tube thicknesses investigated for 

aluminum tubes. ‍ values between 0.3 and 0.5 were found to be suitable to obtain successful 

parts for most of the geometries and tube thicknesses investigated for stainless steel tubes. The 

applicability of the FE model in predicting the thickness distribution of the formed parts was 

verified by comparing the numerical results and the experimental results with maximum error 

of 8%. It is also found that the pressure and feed load path has a great influence on the part 

quality. Ununiformed thickness distribution can be eliminated by applying a proper pressure 

and feed load path. The experimental results showed that the hydroforging process is capable 

of producing hollow structures such as hollow vessels, hollow polygon shaped flanges and 

hollow gears. Weight reduction by over 50% can be achieved when hollow gears are formed 

by hydroforging process compared to the solid gears currently produced by conventional 

forging processes. To facilitate the input of optimal pressure and feed load path in a 

hydroforging system, a robust closed feedback control unit should be built. 
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CHAPTER 1: INTRODUCTION  
 

1.1 Introduction  

Metal forming is a manufacturing process where parts with specific shapes can be obtained 

through plastic deformation of an initial billet or a blank. A wide range of metal forming 

processes have been used in industry including forging, rolling, extrusion, wire drawing, sheet 

forming, microforming, tube hydroforming etc. Parts obtained by these processes possess 

mechanical properties better than other parts produced by casting or machining.  

Among other metal forming processes, tube hydroforming and forging operations have unique 

characteristic which attracts researchers for further development due to their wide use in 

automotive, aerospace, and maritime industries.  Tube hydroforming process (THF) is a 

process of manufacturing lightweight, strong, and complex tubular parts. Examples of 

hydroformed parts include car axles, crankshafts, camshafts, frames, tube fittings etc.  On the 

other hand, forging is the process of shaping a metal workpiece by hammering or pressing. 

Due to the flexibility  of forging process to facilitate different material and work conditions 

(cold, hot, and warm), complex part shapes such as rings, bars, shafts, gears, and spindles 

flanges can be fabricated. 

Researchers have developed a hybrid metal forming process that combine the distinct 

characteristics of tube hydroforming and forging process called hydroforging process.  In this 

process, a thick tube is deformed by pressurizing fluid contained within the tube during 

upsetting process. The tube is plastically deformed by the generated pressure to form a part 

prescribed by the die cavity geometry. Complex hollow parts that would not be possible to 

form with tube hydroforming operation can be produced by hydroforging process.  

This research is focused on the development of the hydroforging process by establishing 

process design guidelines aimed at assisting process designers to understand the process 

capability, limitations, and indeed the process feasibility to produce sound and defect free 

parts. Thick tube hydroforging process is a relatively new process. Thus, the mechanics of the 

process and capabilities are not well understood. In this research, the development of tube 

hydroforging process is motivated by creating the process design guidelines. An important part 

of the design guidelines is studying the process windows for candidate parts which include 
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development of optimal pressure and feed loading paths. By doing so, the process feasibility 

of producing candidate parts can be studied and further steps in designing the process can be 

promoted. 

1.2 Research objectives  

The main objective of this research is to develop hydroforging process by combining unique 

attributes of forging and tube hydroforming processes. The specific objectives are: 

i. Study the tube hydroforging process capability and identify potential parts. 

ii.  Study the feasibility of potential parts by establishing the process windows. 

iii.  Develop a combined analytical-numerical scheme for determining optimal pressure 

and feed loading path. 

iv. Develop a hydroforging test setup and examine the process capability by 

experimentally hydroforging lightweight parts.  

1.3 Dissertation organization 

The outline of this dissertation is given below: 

Chapter 1 provides a general background on tube hydroforming and forging and states research 

motivations and objectives. 

Chapter 2 presents literature review on tube hydroforming and forging processes with focus 

on process concept, applications, process parameters, advantages, limitations, and the process 

equipment. The chapter also covers a literature review on hybridization in metal forming 

providing examples of the benefits that can be achieved by combining different metal forming 

processes. A literature review on previous effort in hydroforging process with focus on the 

process limitations and the potential development in the current practices is highlighted. 

Chapter 3 contains detailed discussion on hydroforging process design aspects. It covers 

process concept, potential parts, process window establishment scheme, and also highlights 

the process design approaches. 

Chapter 4 discusses the development of an analytical model to establish pressure and feed 

loading path of thick tube hydroforging process. The model is derived based on plasticity 

theory of spherical pressure vessels and shape evolution. The model is based on simple bulged 

shape hollow vessel. 
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Chapter 5 covers finite element simulations that are carried out to refine the pressure and feed 

loading paths obtained from the analytical model. A scheme of determining the optimal 

pressure and feed load path is also presented. 

Chapter 6 provides detailed discussion on the development of tube hydroforging system, 

experimental design considerations, experimental setup, sample preparations, and extensive 

experimental results and discussions.  

Chapter 7 concludes this research work. 
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CHAPTER 2: LITERATURE REVIEW  
 

2.1 Introduction  

This research is focused on the development of tube hydroforging process as a hybrid metal 

forming process which combines forging and tube hydroforming operations. In order to 

develop a robust hydroforging system, it is essential to gain in depth understanding of the 

interrelationship of process variables. This chapter first discusses tube hydroforming process 

with focus on tube hydroforming equipment, tube material and geometry, material formability 

and failure modes, friction conditions, load path, and the role of analytical and numerical 

modeling in THF design. The advantages and disadvantages /limitations of tube hydroforming 

are presented. 

Secondly, this chapter discusses forging process with focus on forging machines, billet 

material and geometry, material formability and failure modes, friction conditions, the role of 

analytical and numerical modeling in forging process design, and ways of weight reduction if 

forging parts. The advantages and disadvantages /limitations of forging process are presented. 

 

The unique characteristics of both tube hydroforming and forging processes are compared to 

identify process limitations and possible enhancement if these processes were combined.  

Additionally, a review of hybrid metal forming processes is presented to highlight the advances 

in this technology. The current state-of-the-art on hydroforging process including injection 

forging, pressure-assessed injection forging, and the recent practice of hydroforging process is 

reported to address the process limitations and state the potential process improvement. 

Finally, the potential of the hydroforging process for producing lightweight structures is 

discussed. 

2.2 Tube hydroforming process 

2.2.1 Process overview 

Tube hydroforming process utilizes internal fluid pressure and restrictive die shape to form 

tubular shapes [1,2]. Tube hydroforming processes can be distinguished from other metal 

forming processes based on the application of the forming load. Namely, the hydraulic fluid 

pressure applied to the internal surface of the tubular blank. Typically, water is used as a 
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pressure medium [3]. Figure 1 shows a typical THF process to fabricate a T-shaped tubular 

component. Generally, the hydroforming process passes through three stages: filling, forming 

and calibration. The tube blank is placed between upper and lower dies that define the final 

shape of the desired part (Fig. 1a). The tube is filled by hydraulic fluid then pressurized to form 

the part. Axial cylinders are used to feed the tube inside die cavity and provide sealing at the 

tube ends (Fig. 1b an c).  A counter punch is used to support the protrusion and then part can 

be ejected by separating the die assembly (Fig. 1d).  

 

 

 

    

 

            (a)                                                       (b) 

            

                   (c)                                                       (d) 

Fig. 1: Tube hydroforming process: (a) Tube setup, (b) Pressurizing and feeding, (c) Part 

forming, (d) Part ejection. 

 

The axial material feed and the pressure are controlled simultaneously to improve the process 

capability of producing sound parts. To achieve that, large pressure is required to form small 

corner radii at the end of the process (calibration stage).  

Tube hydroforming process plays a major role in automotive and aerospace industries where 

lightweight and stronger parts are critically demanded. Complex part shapes that were difficult 

to manufacture by manufacturing processes could be produced by THF process. Examples of 

parts formed by THF processes include tube fitting parts, car axles, crankshafts, camshafts, 

Pressurized fluid 

Axial punch 

Tube 

  Lower die 

Hydroformed part  

Counter punch 
  Upper die 
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frames, exhaust system etc. [4].  Figure 2 shows a collection of parts formed by THF process. 

Compared to other alternative conventional processes such as casting and welding, THF 

process has advantages in producing consolidated parts in one process step, achieving weight 

reduction, producing part with high quality, need fewer secondary operations, and improving 

the structural strength and stiffness.  However, the limitation of the THF process include slow 

cycle time and equipment cost. In addition, tube hydroforming process is limited to thin tubular 

components due to power and load requirements [4-6].  

 

             

                                    Tube fittings                                       Part of an exhaust system [7]        

                                                         

       

        Engine cradle [8]                            Car frame [9]                                  Camshaft [10] 

 

Fig. 2: Tube hydroformed parts. 

 

Tube hydroformed part can be classified based on the geometry part features and ways of 

forming. The geometrical part features of the hydroformed parts shown in Fig. 3 include 

protrusions, bulges, and spline. The protrusion features are formed by expanding the tube 

asymmetrically into a branch/branches [11,12].  

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.millsproducts.com/hydroforming-guide&ei=3ER_VPjGIoueNq6bgcgD&bvm=bv.80642063,d.eXY&psig=AFQjCNEnU6SXGe_SCgXy4MdXqVwpStzabA&ust=1417713046502885
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCObBsKv0iMYCFYII2wodYu4AKQ&url=http://www.prowlerheaven.com/ssr.html&ei=Fil6VeZegpHsBuLcg8gC&bvm=bv.95277229,d.cWc&psig=AFQjCNEP9beTVCIsERtnVFlPwfIsOdrA0A&ust=1434155656915618
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCMOM0sD0iMYCFaVm2wod7IMA4Q&url=http://www.mwerks.com/artman/publish/features/printer_960.shtml&ei=Qil6VcPjJKXN7Qbsh4KIDg&bvm=bv.95277229,bs.1,d.cWc&psig=AFQjCNFdA9UHfzv3gR2gwPD5PeGalMpSxA&ust=1434155708892725
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[13] 

 

[13] 

 

[14] 

 

  

 

 

[15] 

 

 

 

 

 

 

 

[10] 

 (a)  (b)  (c) 

 

Fig. 3: THF Part features: (a) Protrusions, (b) Bulges: planar and multi-nose, (c) 2D and 3D 

Spline. 

 

Tube hydroforming can also be classified based on whether hydroforming is carried out with 

or without axial feeding. To hydroform a part, a combination between pressure and axial 

feeding is usually needed. The protrusion features found in T-shape, and Y-shape parts need 

axial feeding to get the desired protrusion height. On the other hand, bulge shape parts need 

only internal pressure. 

2.2.2 Tube hydroforming equipment     

The typical hydroforming system consists of press, high pressure system, axial feeding 

cylinders, punches, forming dies, and controlling units [6]. Figure 4 shows a schematic for the 

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.interlaken.com/hydroforming/&ei=yxKLVcaHJYOmgwTS_quIBQ&bvm=bv.96339352,d.eXY&psig=AFQjCNGHyyDrsFpDhzF8OmbDdqBs90divQ&ust=1435264033738158
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.mindtribe.com/2013/09/technology-highlight-advanced-metal-forming/&ei=HhOLVfuUDsPigwTl2oC4Dw&bvm=bv.96339352,d.eXY&psig=AFQjCNGHyyDrsFpDhzF8OmbDdqBs90divQ&ust=1435264033738158
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCMOM0sD0iMYCFaVm2wod7IMA4Q&url=http://www.mwerks.com/artman/publish/features/printer_960.shtml&ei=Qil6VcPjJKXN7Qbsh4KIDg&bvm=bv.95277229,bs.1,d.cWc&psig=AFQjCNFdA9UHfzv3gR2gwPD5PeGalMpSxA&ust=1434155708892725
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tube hydroforming system layout. The press is used to provide clamping and locate the forming 

tool in position. The high pressure system used to supply high pressure fluid required to form 

the part. The axial cylinders are used to feed the tubular material and supply the high pressure 

into the tube. Upper and lower forming dies are usually used in THF. THF control units play 

a vital role in displaying, monitoring and controlling the different parameters of forming in 

real time.  

 

Fig. 4: A schematic for tube hydroforming system layout [16].   

 

Based on part design and material, several factor should be considered in tube hydroforming 

system. The pressure required to form high strength material needs high pressure intensifier 

and higher press tonnage. The press should be capable of providing clamping forces to prevent 

die separation caused by the internal pressure. In the tube hydroforming industry, presses up 

to 100,000 KN are in operation currently [6]. A pressure up to 300MPa is used. The axial 

cylinders should be capable of pushing the material inside the die cavity. Forming die should 

be made of high strength material to withstand large internal pressure and axial loading and 

fabricated to meet the final part geometry. Also it should have flexibility for changing die 

inserts, have a good surface finish, and provide good guiding system [6]. Figure 5a shows a 
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commercial 50000KN tube hydroforming equipment. A close view of the hydroforming press, 

dies, axial cylinders, and the formed tube can be seen in Fig. 5b.  

 

       

                                  (a)                                                                        (b) 

Fig. 5: (a) Commercial 50000KN tube hydroforming equipment, (b) Close view of the 

hydroforming components [17]. 

 

The capital investment of the hydroforming equipment is relatively high due to the expensive 

tube hydroforming system components which include press, pressure intensifier, tooling, and 

control units. For example, to form thicker tubes or stronger materials, a large pressure 

intensifier is needed. Such materials will also require higher press capacity to overcome die 

separation due to high internal pressure. Thus, the current tube hydroforming practices are 

limited to thin tube geometries.   

2.2.3 Tube hydroforming process parameters 

The major factors that must be taken into account in tube hydroforming process are: tube 

material and size, friction conditions, material formability, preforming, equipment, loading 

path, and cycle time. These factors play a major role in the success of the process.  

¶ Tube Material and geometry in THF  

The tube material is characterized by its physical properties, chemical composition, mechanical 

properties, and flow characteristics. The way of fabricating the tubes either by drawing or 

rolling has also a great effect on the process. The geometry of the tube is described by the outer 



 

10 

 

tube diameter and tube thickness. All of the mentioned features pertaining to the tubular blank 

must be monitored closely based on the final part requirements. 

Due to changing in the material properties during the tube fabrication, the tube material should 

be investigated to determine the initial tubular blank material properties. To do so, numerous 

mechanical tests can be used. In tube hydroforming process, the tube is exposed to a biaxial 

state of stress [18]. Therefore, a commonly used bulge test can be performed to study the 

material flow characteristics [19]. In this test, the tube is fixed on both ends and bulged 

internally using hydraulic pressure. At different pressure levels for a certain tube size and 

material, the pressure and the maximum bulge diameter can be recorded. Data collected from 

this test can be used to establish the flow stress curves. Accurate flow stress curves are 

important for numerical simulations of tube hydroforming process. 

¶ Material formality and failure modes in THF 

Material formability is defined as the amount of tube deformation before failure occurs due to 

material instability. The formability in tube hydroforming is affected by process parameters 

include the state of stress and strain applied to the tube section during the deformation process, 

loading path, material flow, and the desired part geometry. The state of stress applied in tube 

hydroforming is biaxial [6]. To determine the formability in tube hydroforming, bulge test that 

mimics the state of stress is commonly used. Forming limit diagram can be established based 

on the applied load and the induced strain [13]. In such a test, the tube is gridded by circle grids 

on at the outer surface of the tube. As the pressure is applied internally, the tube bulges and the 

shape of the circle grid changes to an ellipse. Strain measurements can be taken at different 

pressure levels until maximum pressure is reached when the tube burst. Figure 6 shows tube 

deformation at different pressure levels.  

 

                (a)                                     (b)                              (c)                              (d) 

Fig. 6: Circle grid at the outer tube surface (a) Original tube, (b) Deform bulging, (c) 

Localized necking and (d) Tube burst [13]. 

Area of 

localized 

necking 

Location of circle 

grid measurements 
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The application of desired pressure and feed loading path reduce or eliminate tube failure by 

postponing material failure. Pressure in advance of material feed would results on tube early 

necking. On the other hand, feeding the tube in advance of pressure would results in tube 

buckling or wrinkling.  The failure modes in tube hydroforming include wrinkling, buckling, 

and bursting. Wrinkling failure shown in Fig. 7a occurs when the tube is subjected to 

compressive axial stress beyond the tube material strength, and the applied pressure is not 

sufficient to push the tube wall. Buckling failure mode occurs when longer tube is subjected 

to compressive axial stress beyond the tube material strength with inadequate pressure. 

Bursting failure is a result of tube necking caused by tensile stresses (Fig. 7b).  

                   

                    (a)                                                                         (b)                   

Fig. 7: Examples of failure modes in tube hydroforming: (a) Wrinkling and (b) Bursting. 

 

Bursting failure was investigated for free expansion of a tube pressurized internally [20]. The 

onset of necking is characterized by zero derivative of pressure with respect to the tube inner 

radius. The formability is also affected by the desired part geometry. Small corner radii require 

large pressure that can cause the tube to burst. It can be concluded that the material formability 

play a major role in the success of the process success.  

¶ Friction conditions in THF  

Tube hydroforming process is highly influenced by the tribological conditions due to high 

contact pressure applied to large contact surfaces in which high friction forces are exerted at 

the tube and die contact regions. These forces have a great influence on the process variables 

and part quality [21] . Part failure modes that are influenced by frictional forces include 

wrinkling, buckling, bursting, ununiformed thickness distribution, bad surface integrity, and 

lower dimensional accuracy [3]. To decrease the frictional load at the tool-workpiece interface, 

lubricants have been used to improve the tribological conditions. Tube hydroforming exhibits 

different friction conditions based on different friction zones namely, guiding zone, transition 

zone, and expansion zone (Fig. 8). Each of which has its own deformation mechanics and thus 
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different friction values are obtained. In order to evaluate the lubricant performance in tube 

hydroforming, tribotests have been developed to mimic the friction conditions in the respective 

friction zones [22,23] . There are different variants of guiding zone tribotests that have been 

developed to date. All of which are based on sliding a pressurized tube through a die [21,24,25]. 

Ngaile and Yang [25] introduced an analytical model for the guiding zone tribotest commonly 

used to evaluate lubricant performance for tube hydroforming. A closed form solution for the 

process variables was proposed and evaluation of friction coefficient using the model was 

presented as shown in Fig. 9. 

The friction in transition zone is evaluated using the limit dome height LDH test as the 

deformation mode exhibited in THF is similar to the deformation mode in the LDH test. Pear 

shaped tube expansion test is developed to evaluate the friction conditions in the expansion 

zone. In this test, the performance of the lubricant is evaluated by quantifying the wall 

thickness distribution, protrusion heights, and bursting pressure [23]. 

  

Fig. 8: Friction zone in tube hydroforming process [3]. 

 
Fig. 9: Evolution of friction coefficient in the guiding zone at maximum contact pressure for 

a tubular material [25]. 
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¶ Loading path (pressure vs. feed paths) 

One of the most important tube hydroforming process parameter is the pressure and feed load 

path. A desired load path leads to successful forming without defects. The loading path in THF 

process is a combination of internal fluid pressure and axial feed. The optimal loading path 

selection minimizes or completely overcomes part failure modes such as wrinkling, buckling 

and tube bursting. The load path in tube hydroforming is described by the amount of axial 

material feed and the applied internal pressure at a process time (t) (Fig. 10) [26]. 

 

   (a)                                                               (b) 

Fig. 10: (a) Combined pressure and feed (displacement) vs. time and (b) Pressure vs feed 

curve [26]. 

 

Finite element methods are used to study the effect of loading path on the process. The loading 

path for T-shape tube hydroforming was studied by [27]. Jirathearanat et al. [5] studied the 

process design of hydroforming Y-shapes. In all of these investigations, it was found that the 

forming process is greatly influenced by axial feeding. The more the material feed the decrease 

in tube thinning and the increase of pressure needed to overcome wrinkling. In addition, 

pressure and feed load path determination have been developed using finite element analysis 

combined with other method. In order to reduce time in establishing loading paths, the use of 

a pre-established loading paths database for a family of THF parts was proposed [28].             

2.2.4 Analytical and numerical modeling role in THF design 

Analytical and numerical modeling are still effective methods which help the process designers 

and developers to reduce the time and cost spent in performing experimental trials. Finite 

element analysis has been used to study material flow in THF aimed at producing sound THF 

parts [29,30] and determination of pressure and feed load path [23,24,28]. Closed-form 
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solutions/analytical modeling help to understand the effect of process variable. Analytical 

model is a faster way to carry out a parametric study on the process. Besides, it can also be 

combined with one-step finite element analysis. In the last decade, a number of tube 

hydroforming models for predicting part failure, investigating formability, establishing process 

window, evaluating friction conditions, preforming design , and determination of field 

variables were developed [11,12,31-45]. These models are the reason behind the rapid 

development in tube hydroforming technology.  

2.3 Forging process 

2.3.1 Process overview 

Forging is a bulk metal forming process used to shape metal and increase its strength by 

hammering or pressing. Forging processes play a major role in the automotive industry where 

highly complex and dimensionally accurate parts are produced with enhanced material 

characteristics [46]. Forging process can be performed in cold, warm, and hot working 

conditions. Therefore, a variety of parts with complex shapes can be produced by forging 

processes [47]. Most of hot forged products undergo secondary processing requirement such 

as heat treatments and machining. Thus, the cost can increase substantially [48]. 

Forging can be classified into three groups: open die forging, impression die forging, and 

flashless forging. Impression forging is a process where a metal billet is compressed to fill a 

cavity of the desired part shape [49]. Figure 11 shows the principle of impression forging 

process which is commonly referred to as closed-die forging in industry. In this type of forging 

process, a billet is placed between two dies which contain impressions of the final part shape. 

Different part geometries can be forged using the impression forging operation from spherical 

simple shapes to block like shapes. In addition, complex parts can be forged using the 

impression die forging including three dimension parts, symmetric parts, and asymmetric parts. 

Flashless forging is obtained when forged material is not allowed to flow outside dies cavity 

as shown in Fig. 11b and Fig. 11c.  

Open die forging is a process of upsetting a workpiece between two flat dies as shown in Fig. 

12 [49]. In this process, the metal work is not restrained by impression dies. Open die forging 

can be used to produce small and huge metal components in different shapes such as round, 

square, rectangular, hexagonal, and many others.   
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(a)                                                                                (b) 

Fig. 11: A schematic for impression forging with and without flash (Flashless)[49]. 

 

 

Fig. 12: A schematic for Open die forging [49]. 

 

Forging processes are also classified based on the working temperature; cold, warm, and hot 

[50]. Parts produced by cold forging operations exhibit high dimensional accuracy with 

enhanced surface quality. Although dimensional accuracy cannot be achieved in hot forging 

without secondary operation, larger and complex shapes can be forged due to increased 

ductility and reduced  flow stress. Forging processes are widely used for manufacturing parts 

such as rings, bars, hubs, step shafts, discs, sleeves, blocks, spindles, gears, branched 
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components, flanged components, etc. Figure 13 shows forgings that are classified based on 

part geometries and configurations. 

 

Symmetrical parts Asymmetrical parts Irregular shape parts 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13: Forgings classified based on part geometries and configurations. 
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2.3.2 Forging machines 

The forging machines play a major role in determining the process capability of producing 

forging products. Based on the energy type and load applied, forging machines can be 

categories into several types: hammers, mechanical presses, hydraulic presses, multiple ram 

presses, mechanical servo presses, and others [49-51]. Hammer presses use the kinetic energy 

to forge the workpiece. Hammers are usually employed in hot forging, coining and sheet metal 

forming operation. Mechanical presses use a mechanical system driven by an electrical motor 

to forge the workpiece. The mechanical press has a constant stroke length such that the press 

ram moves vertically to deform the workpiece. Figure 14 shows a schematic drawing of a 

mechanical press, while Fig. 15a shows a commercial 50,000 t forging press. 

 

Fig. 14: A schematic for a mechanical forging press [50]. 

(1) Part transfer system 

(2) Part feeder 

(3) Bolster ejector 

(4)  Ram ejector  

(5) Die holder with top and 

bottom base plate 

(6) Die change system with 

die change cart 

(7) Electric motor 

(8) Flywheel 

(9) Drive shaft 
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                                           (a)                                                               (b) 

Fig. 15: (a) Commercial 50,000 ton forging press, ALCOA [52], (b) Hydraulic press for 

closed-die forging [50]. 

 

Hydraulic presses use high pressure system to control the ram speed during forging operation. 

Close tolerances can be achieved through controlling the deformation process and metal flow. 

Both open and close die forging operations can be carried out using hydraulic presses. Figure 

15b illustrates the hydraulic press designated for closed die forging. In addition, multiple ram 

presses provide two and three dimensional ram axis such that forged parts with complex details 

can be formed (Fig. 16). 

                 

Central displacement by vertical and cylindrical rams                          Central displacement by vertical ram 

Fig. 16: Multiple-ram presses [50]. 
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In the recent years, mechanical servo presses are used widely in metal forming processes such 

as sheet metal forming, forging, and extrusion process. There are several types of servo presses 

categorized by the driving mechanism. These include; servo motor and ball screw driven press, 

servo motor driven crack press, servo motor driven linkage press, hybrid servomotor press with 

ball screw and knuckle-joint, and servo motor driven hydraulic press. Figure 17 shows different 

types of mechanical servo presses while Fig. 18 shows crank servo press. 

Compared to other mechanical presses, the mechanical servo press utilizes a simple driving 

mechanism in which flywheel, clutch, and brakes are not needed. The main characteristics of 

a servo press are: (1) the press motion and velocity is performed by the servo motor, (2) the 

press motion is flexible such that the forming limit, the productivity, and the part accuracy are 

enhanced, (3) lower energy consumption, (4) the ability to incorporate multiple operations and 

the potential to form complex part in lower cycle time, (5) high production efficiency due to 

the capability of controlling different motions using multiple servo motors.  

              

Fig. 17: Different types of servo presses [53]: (a) Ball screw type servo press, (b) Ball screw 

and knuckle-joint type servo press, and (c) hydraulic servo press. 

(a) 

(b) (c) 
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Fig. 18: Crank press with two crank shafts [53]. 

 

2.3.3 Forging process parameters 

A number of factors must be taken into account in forging operations starting from the initial 

billet geometry, material to the final forged part. The major factors in forging process are: the 

initial billet size, material properties, material formability, process stages, lubrication and 

friction conditions, equipment, and final part geometry. These factors play a major role in the 

success of the process [49]. 

¶ Billet material and geometry in forging 

The forged part has to meet strength and geometry tolerances requirement to achieve best part 

quality. Usually, cylindrical or block shape billets are used as initial material stock. The 

strength of the forged part is characterized by initial billet material properties and the amount 

of plastic deformation. In cold forging process, higher strength is achieved by the work 

hardening effect due to plastic deformation. In hot forging process, part pass through annealing 

process such that higher ductility and easy forming can be achieved. Forming complex part 

shape by forging is quite challenging. Three dimensional parts with complex shape geometry 

usually require multi-stages forming. These stages are carefully designed to ensure that 

material flow does not lead to part defect and that the forging load is minimized. Figure 19 

shows five forging steps needed to complete forging of a crankshaft [54].  

http://www.sciencedirect.com/science/article/pii/S0007850611002095#gr14
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Fig. 19: Five forging steps in manufacturing crankshafts [54]. 

 

¶ Material formability and failure modes in forging 

Material formability in forging process is defined by the amount of material deformation 

without defects. The usual forged part defects include surface cracks, surface folds, internal 

cracks, and underfill [51].  Surface fold occurs when two metal surfaces fold against each other. 

This defect commonly occurs due to either high friction or sharp die corner.  Although the 

dominant state of stress in forging is compressive stresses, secondary tensile stress can develop 

during the upsetting of a round billet causing internal cracks. This defect can be avoided using 

concave dies such that bulge deformation shape can be minimized. Typical forging defects are 

shown in Fig. 20. 

 

 
   

    (a)                                          (b)                                            (c) 

 

Fig. 20: Typical forging defects: (a) Surface fold (cold shut, (b) Internal cracks, and (c) Flash 

cracks [51]. 

 

 



 

22 

 

¶ Friction conditions in Forging 

Forging processes are highly affected by friction conditions due to the large surface contact 

between the dies and the workpiece.  A good lubrication would results in good metal flow, less 

power required, and good part quality [55]. The main characteristics of good lubricant include 

the ability of reducing slide friction, preventing local welding or surface fold  between the die 

and the work, good thermal insulation properties, environment friendly, and nonabrasive and 

non-corrosive agent to avoid  die erosion. In most cold forging, conversion coatings with soaps 

lubricant are used. In warn forging, Oil-based, polymer-based, and molybdenum disulfide 

lubricants are used. In hot forging, graphite suspensions in oil or water and glass films are 

commonly used [55]. 

 

Fig. 21: Calibration curves established to determine friction coefficients for aluminum using 

ring compression test [56]. 

 

In practice, the lubrication performance in forging process is examined using ring compression 

test [56]. In this test, ring with specific dimension defined by the outer diameter, inner diameter 

and the height of the ring (OD:ID:H) is upset to reduce its height. Measurements for the 

6:3:2 
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deformed ring inside diameter are taken at different height reduction. The reduction in the ring 

inside diameter is plotted at different height reduction. Calibration curves can be generated at 

different friction values using finite element method to find out the values of friction 

coefficient according to the experimental curves. Figure 21 shows calibration curves 

established to determine friction factor for aluminum material. Other methods commonly used 

in evaluating the lubrication performance are double backward cup extrusion [57] and ball 

penetration test [58]. 

2.3.4 Analyt ical and numerical modeling in forging  

Analytical and numerical modeling methods are used extensively in the assessment of forging 

process. The most used methods in forging are finite element analysis, slab analysis, and upper 

bound analysis [59].  In forging process, complex part geometry increase the nonlinearity in 

the process analysis. Closed form solution are difficult to establish. However, some forging 

processes can be approximated using simplified model such as slab analysis and upper bound 

analysis. Slab analysis has been used to evaluate the forging load in upsetting process by 

relating the state of stress to the yielding criteria and boundary conditions assuming a 2D plane 

strain [51]. Upper bound analysis is used to evaluate the required forging load based on the 

principle of virtual work [59]. Finite element analysis took the leadership in advancing forging 

processes due to the capability of modeling complex parts [60]. Besides, it helps the process 

designer to improve the quality of the part produced by forging process. Complex parts need 

preforming stages to complete the process successfully. With the aid of finite element analysis, 

optimal design solutions can be achieved.  

2.3.5 Weight reduction in forging parts 

Weight reduction is an important aspect in many industries. In the automotive industry, fuel 

consumption can be reduced by reducing the weight of the vehicles. Also, lightweight 

structures are critical in the aerospace industry. A significant weight reduction can be achieved 

by replacing solid shafts with hollow shafts. Usually, hollow shafts are produced by forging 

and subsequent deep-hole drilling. Figure 22 shows hollow shafts produced by forging and 

drilling [61]. The hole drilling operation increase significantly both the cycle time and the cost 

of the part. 
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Fig. 22: Transmissions hollow shafts [61]. 

 

Another method to produce hollow shafts consists of forging followed by extrusion of the hole. 

In this process, the production of hollow shaft passes though multi-stages as shown in Fig. 23. 

As compared to the drilling operation discussed above, the cycle time for producing the hole 

via extrusion is reduced significantly. However, high press tonnage is needed to extrude the 

hole.   

 

Fig. 23: Forming operations of hollow shaft [62]: (a) Initial billet, (b) Forging preform, (c) 

Extrusion preform, (d) Extrusion forgings, and (e) Final part. 

 

Gears are currently fabricated by casting, machining, and forging. For high transmission loads, 

forged gears are preferred due to work hardening and desirable grain flow [63]. 

Conventionally, the forging process of spur gear starts with preparing the gear blank. The 

process passes though different stages as shown in Fig. 24a. In this process, material removal 
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at the core of the gear blank was done by extrusion and piercing to reduce the gear weight. 

Figure 24b show similar stages in producing pinion gear by forging. 

 

 

                (a)  

   (b)  

Fig. 24: Forming steps of: (a) Gear blank, and (b) Pinion gear formed by forging [64]. 

 

The above examples have shown methods of producing transmission parts with hollow 

structures in order to reduce the weight. However, the current method of fabricating the hollow 

transmission parts need extra processing that is not cost effective. In hydroforging process, the 

initial billet is a thick tube that is prepared by conventional processes. Using the tube with a 

proper thickness as initial billet is an immediate weight reduction in the targeted part. 

2.4 Comparison between tube hydroforming and forging processes 

From the literature review discussed above, the main process parameters of the tube 

hydroforming and forging process have been discussed. These processes are differentiated by 

the process parameters which include the initial billet geometry, material properties, the 

dominant state of stress, friction condition, failure modes, and the equipment. Figure 25 shows 

a comparison between tube hydroforming and forging processes.  In this figure, the process 

parameters in both processes are compared to identify the major similarities and differences. 
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In tube hydroforming, the process is limited to thin tubes due to the power requirement to 

perform the process. In contrast, the initial billet in forging is cylindrical or block shape solid 

billet. Similar material properties are observed in both processes due to work hardening during 

plastic deformation of the workpiece. Different state of stress are realized in tube hydroforming 

and forging process. In free bulging tube hydroforming shown in Fig. 25, the process exhibits 

biaxial state of stress at the bulge created by the applied pressure. In forging process, the 

dominant state of stress is compression. Looking at the friction condition in both processes, 

the friction conditions in tube hydroforming exhibits different mechanism based on the friction 

zone. Each of which has different characteristics due to the friction forces generated at the 

contact surfaces. However, the friction condition in forging process is characterized by the 

friction forces generated at the die-workpiece interface. Material formability is limited by the 

part failures in each process. In tube hydroforming, biaxial stresses caused bursting failure 

when material was not feed sufficiently. Lack of pressure with excessive feeding caused 

wrinkling. In comparison, failure such as surface fold, internal cracks, and surface cracks are 

observed in forging process due to either the secondary tensile stresses or frictional stresses.  

 As far as the process equipment is concerned, both processes share the requirement of the 

press as the clamping mechanism in tube hydroforming and forging ram in the forging process 

as well as the forming dies (tooling). Controlling units are necessary to monitor the process. 

The pressure and feed loading require pressure intensifier unit and axial cylinders in tube 

hydroforming while the load required to forge a part is carried out by the press.  

In tube hydroforming, the limitation of hydroforming thin tube can be overcome if the pressure 

inside the tube can be generated without the need of pressure intensifier unit. Using a 

conventional forging press, a thick tube filled with fluid can be pressurized while upset as 

shown in Fig. 26. The upsetting process causes compression state of stress while the generated 

pressure create a biaxial stress. Therefore, combining tube hydroforming and forging process 

can create a favorable state of stress that maximizes the applied shear stress. The Mohrôs circle 

shown in Fig. 26 illustrates the shear stress in a conventional forging process created by the 

principle stresses („ȟ„ȟÁÎÄ „). Adding the hydroforming component creates a new state of 

stress (namely, principle stresses „ȟ„ᶻȟÁÎÄ „ᶻ) that promote an increase in the shear stress 

and subsequently, an increase in the formability.  
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Process 
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Tube hydroforming Forging 

Initial billet 

geometry 
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Cylindrical or block shape  Billet 

Material 

properties 
Higher strength due to work hardening  

Cold forging: higher strength due to 

work hardening 

Hot forging: higher ductility 

State of 

stress 

Free bulging THF [28] 
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Fig. 25: Tube hydroforging vs. forging process  
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Fig. 26: Mohrôs circle representation of the improvement in shear stress due to change in the 

state of stress promoted by combining forging and THF processes.  

 

2.5 Hybridization in metal forming processes 

There is a growing demand for lightweight structures in the automotive, aerospace, and 

maritime industries [66,67]. One of the ways to achieve significant weight reduction is 

exploring new and innovative manufacturing techniques.  Hybridization in industry refers to 

the combination of processes/machines with the aim of producing parts efficiently. In the 

industry, the term ñhybridò is used to identify processes or products that combine different 

technologies [68]. In metal forming, there is a broad use of the term hybrid. Products produced 

by a combination of different materials are called hybrid products.  Combining two or more 

different metal forming processes results in a hybrid process. The benefit of hybrid metal 

forming process includes; increasing process productivity, enhancing part quality, improving 
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metal formability, decreasing cycle time, and reducing the overall process cost. The notion of 

hybridization has been applied to many metal forming processes. For example, an isothermal 

enclosed forging and two kinds of piercing operations (double-ended piercing and central 

piercing method) were combined into a micro-scale hybrid forging process to produce a micro-

double gear (Fig. 27 and Fig. 28) [69]. Better surface and piercing quality was achieved using 

these techniques. 

 

Fig. 27: 3D model of micro-double gear [69]. 

 

Fig. 28: Schematic of hybrid forging process of micro-double gear: (a) double-ended piercing 

method, (b) central piercing method, [69]. 

 

A hybrid forming process so-called Laser-assisted incremental sheet forming was presented 

[70]. In this process, asymmetric incremental sheet forming process (AISF) was combined with 

stretch forming (SF) to produce sheet metal parts (Fig. 29). The stretching component of the 

hybrid process enhances the thickness distribution of the manufactured sheets as shown in Fig. 

30a. Adding a heat element via laser radiation to the combination of AISF and SF processes 

enhanced the material formability for magnesium alloy (Fig.  30b). 
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Fig. 29: The principle of combining ASIF and SF processes [70]. 

   

Fig. 30: (a) Thickness distribution, (b) Formability enhancement with laser heating [70]. 

 

In 2013, a new hybrid process which incorporated hydroforming and conventional drawing 

operations was introduced [71]. In this process, high pressure fluid is applied to the die 

reduction area to enhance hydrodynamic lubrication regime and alter state of stress in the 

deformation zone to get maximum shear and hence improve process formability (Fig. 31).  

 

Fig. 31: Hybrid drawing process; combined hydroforming and conventional drawing [71]. 
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Additionally, hybrid processes such as combining deep drawing and cold forging was reported 

[72]. In this process, a hybrid bimetallic component can be fabricated by forging a billet and 

deep drawing a blank sheet as shown in Fig. 32.  

 

Fig. 32: Hybrid process; combined deep drawing and cold forging to produce a bimetallic 

component [72]. 

 

In another study, a hybrid process which combined extrusion and bending shown in Fig. 33 

was introduced [72]. In this process, a curved profile extrudes can be fabricated without the 

need of subsequent heat treatment necessary for warm bending. Thus, the overall processing 

time is reduced by the suggested hybrid process.   

 

Fig. 33: Hybrid process; combined extrusion and bending [72]. 
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2.6 Pressure assisted injection forging processes 

Forging of thick tubular components known as injection forging was introduced by [73,74].  

In this process a solid or a tubular material are upset to form a side flange components. A 

mandrel of pressurized material could be used to form hollow components. Figure 34 shows a 

schematic drawing of three typical injection forging process that includes injection forging of 

solid billet and tubular material.  

 

Fig. 34: Injection forging operations [75]. 

 

A study on preforming consideration for injection forging process was reported [76]. In this 

study, preform geometry design is proposed such that part defect could be eliminated. In 

another study, material flow in the injection forging operation was investigated using finite 

element analysis [77]. In this study, an approach to design preforming operations was proposed 

and validated by experiments. Injection forged part defects were classified to include fracture 

failure, buckling, folding, under filling, and thinning (unevenness) as shown in Fig. 35 [78]. 

A great effort in studying pressure-assisted injection forging of thick-walled tubular 

components with hollow flanges was reported [79-81]. In this process, a pressurized polymeric 

material is inserted inside a thick tube while a movable punch is used to feed the tube and 

pressurize the polymeric material. Figure 36 shows the principle of pressure assessed injection 

forging process and Fig. 37 shows hollow gear shafts produced by this process.  

  

http://www.sciencedirect.com/science/article/pii/S0924013603006708#gr2
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Fig. 35: Classification of part defect of workpieces formed by Injection forging operations 

[78]. 

 

Fig. 36: Principle of pressure-assisted injection forging and part process sequence [79]. 



 

34 

 

 

Fig. 37: Hollow gear shafts produced by pressure assessed injection forging [81]. 

In both injection and pressure assessed injection forging processes, parts with uniform wall 

thickness distribution were hard to achieve by this process due to process instability resulting 

in part defects such as surface folds and under fill. Another method of hydroforging process 

was experimentally investigated by numerous researchers [82,83]. In these processes, a 

pressure medium was used to produce hollow bulge components. In the above studies, no 

attempts were made to develop a hydroforging process in which a desired pressure and feed 

load path is established and controlled during the tube upsetting process. 

2.7 Concluding remarks and potential of hydroforging process for 

producing lightweight structures 

¶ Concluding remarks 

In this chapter, a literature review of tube hydroforming process with focus on press 

architecture, advantages and limitations of the process, applications, important design aspects 

such as loading path determination, and other process variables were discussed. Compared to 

other manufacturing processes such as casting and welding, THF process has numerous 

advantages due to the use of tubular structures such as part consolidation, weight reduction, 

fewer secondary operations, and enhanced structural strength and stiffness.  However, THF 
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process has several limitations that are largely associated with cost of the equipment and high 

cycle time. Tube hydroforming equipment are costly due to the need of pressure intensifier 

required to form thicker tubes and much stronger materials. Consequently, higher press 

capacity is required to overcome die separation due to high internal pressure. Thus, the current 

tube hydroforming practices are limited to thin tube geometries.   

Forging processes play a major role in the automotive industry where highly complex and 

dimensionally accurate parts are produced with enhanced material characteristics. Forging 

process can be performed in cold, warm, and hot working conditions. Therefore, a variety of 

parts with complex shapes can be produced by forging processes. However, high overall costs 

are associated with the capital investment of the press, forming dies, auxiliary systems, and 

secondary processing requirement such as heat treatments and machining.  

Hybrid metal forming processes including some of the current developed processes were 

introduced to recognize the benefits of combining metal forming processes. Examples of 

hybrid processes from the literature were highlighted. Besides reducing the cycle time and cost, 

hybrid metal forming process has the potential of producing parts that would not have been 

feasible.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

Previous effort in developing hydroforging process was addressed. Injection forging, pressure 

assessed injection forging, and hydroforging bulge shapes component using a pressure medium 

were reviewed. In these processes, thick tubes were used to form flanged bulge shapes 

components, gears, etc. However, no attempts were made to develop a hydroforging process 

such that a desired pressure and feed load path is created and controlled during tube upsetting. 

¶ Potential of hydroforging process for producing lightweight structures 

Weight reduction in transmission component such as shaft and gears formed by forging is 

achieved by material removal of the solid billet after or before forging. In hydroforging 

process, the initial billet is a thick tube that is prepared by conventional processes. Using the 

tube with a proper thickness is an immediate weight reduction in the targeted part. By 

combining the tube hydroforming and forging operations, it is possible to overcome processôs 

defects by increasing the material formability. The material formability can be increased via 

the created state of stress that promote an increase in the shear stresses. Using a conventional 

forging press, a thick tube filled with fluid can be pressurized internally while upsetting the 

tube without the need of a pressure intensifier unit used in the tube hydroforming process.  



 

36 

 

CHAPTER 3: HYDROFORGING PROCESS DESIGN ASPECTS 
 

3.1   Hydroforging process concept 

Hydroforging is a hybrid metal forming process which combine forging and hydroforming 

processes. Figure 38 shows a schematic drawing for the tube hydroforging process discussed 

in this research. In this process, a thick tube is deformed by pressurized fluid contained within 

the tube during the upsetting process. A multipurpose punch assembly is used to feed tube 

material into the die cavity as shown in Fig. 38. The pressure is generated by compressing the 

fluid volume contained within the tube. The tube is deformed plastically under the action of 

the generated pressure applied to the internal surface of the tube. The hydroforging tool is 

designated to allow pressurized fluid to pass through a pressure gauge that is connected to a 

data acquisition unit. To achieve the desired load path, a pressure relief valve is used to adjust 

the pressure by releasing fluid. 

 

 

 

 

 

 

 

 

 

 

 

  

 

Fig. 38: Tube hydroforging process concept. 
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                           (a)                                                                (b) 

Fig. 39: (a) Pressure vs. time loading path generation concept and (b) feed vs. time. 

 

Principally, the pressure created by pushing the fluid should be greater than the required 

pressure to form the part without defects as shown in Fig. 39.  This requirement can be achieved 

by having the initial fluid volume greater than the required fluid volume at the end of the 

process where the hydroforged part is fully formed.  

A desired defect-free part can be achieved if a good pressure-feed loading path is obtained. It 

is necessary to conduct a preliminary analysis to establish the process window for potential 

parts as a principal step toward defining the process feasibility.            

3.2   Hydroforging process window establishment  

The initial fluid volume is a critical consideration in designing the hydroforging process. A 

hydroforged part would be feasible to form if the initial fluid volume is enough to generate the 

required pressure throughout the process.  

To study the process feasibility of a potential part, it is necessary to know the fluid amount 

needed to perform the process. To achieve this, volume calculations for both the tube and the 

fluid at the initial and final forming stages can be performed based on volume constancy 

conditions. 

3.2.1 Volume calculation scheme 

In order to determine the required fluid volume, volume calculation of initial and final 

tube/fluid geometries were carried out based on volume constancy condition. For simplicity, 
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the fluid used in the process is considered to be incompressible. Volume calculation also 

assume that wall thinning is uniform. I.e., at the end of the process the part will exhibit a 

constant wall thickness t throughout the product. Volume constancy condition can be given by 

equation (3-1), 

ὠ  ὠ ὠ  ὠ ὠ ὧέὲίὸὥὲὸ                                                 σ ρ 

where, ὠ  and ὠ  are the initial and final tube volume, respectively, and ὠ  and ὠ  

are the initial and final fluid volume, respectively. ὠ  is the total volume of the 

combined tube and fluid . For the tube shown in Fig. 40a, the initial tube and fluid volume are 

given by the following relationships, 

ὠ
“

τ
Ὀ Ὀ ὒ                                                                                                             σ ς 

ὠ
“

τ
Ὀ ὒ                                                                                                                             σ σ 

 

Fig. 40: (a) Initial tube geometry, (b) Final part geometry concept, (c) Combined part 

geometry. 

 

where, Ὀ , Ὀ, and ὒ are initial tube outer diameter, initial tube inner diameter, and initial tube 

length, respectively. For a specific part geometry shown in Fig. 40b, the volume of the 
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combined part geometry (Fig. 40c),  ὠ  can be obtained where Ὤis the final part height 

and Ὀ is the flange outer diameter. If the thickness of the formed part is assumed to be ὸ, the 

final part volume ὠ  can be calculated. The final fluid volume ὠ  is then obtained using 

the following relationship, 

ὠ ὠ ὠ                                                                                                            σ τ 

The potential part can be considered feasible if the final fluid volume ὠ  is less than the 

initial fluid volume ὠ .  Otherwise, an extra fluid volume should be added by increasing 

the initial tube length such that the final tube length ὒ becomes, 

 

Fig. 41: Volume calculation scheme. 
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ὒ ὒ Ўὒ                                                                                                                                  σ υ 

where 

Ўὒ τ
ὠ ὠ

“ Ὀ
                                                                                                                  σ φ 

Figure 41 shows a flow chart for volume calculation scheme adopted in studying the process 

feasibility. 

Different part geometries with high strength-to-weight ratio can be produced by hydroforging 

process. Figure 42 shows a family of potential parts that could be formed by hydroforging 

process including hollow vessels, hollow polygon shaped flanges, hollow gears, hollow 

branched components, and step shaft. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) (c) (d) (e) 

Fig. 42: Potential part geometries for hydroforging parts (a) Hollow gears, (b) hollow 

polygon shaped flanges, (c) Hollow branched components, (d) Hollow vessels, (e) Step shaft. 

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.amazonsupply.com/boston-gear-pressure-angle-steel/dp/B007NO5EMU&ei=rad3VJPjE4eUNqirgqgD&psig=AFQjCNExzIkUbT_SiAWFiXAhBdd04UwFBg&ust=1417214215363822
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3.2.2 Process window  

The main output of the volume calculation is the tube length suitable to produce a product by 

the hydroforging process. For a specific part geometry, a process window can be built by 

plotting the flange to tube outer diameter ratio  Ὀ Ὀϳ  versus the initial tube length to thickness 

ratio ὒ ὸϳ  at several tube thicknesses. The generated curves provide process limit. Figure 43 

shows feasible and unfeasible regions.  The process windows for some of the potential parts 

shown in Fig. 42 were established including hollow vessels, hollow hexagon shaped flanges, 

hollow bevel gears, and hollow spur gears. 

 

Fig. 43: Feasibility of the part with respect to the process limit curve.   

 

¶ Process window for hollow vessels  

Process windows were constructed for hollow vessels using three flange heights: Ὤ

ρςȢχάά, Ὤ ρωȢπυάά, and  Ὤ ςυȢτάά as shown in Fig. 44, Fig. 45, and Fig. 46 

respectively.  Figure 44 shows a process window for hollow vessels with a flange height of 

Ὤ ρςȢχάά at six different tube thicknesses (2.54, 3.81, 5.08, 6.35, 7.62, and 8.89 mm).  

For a selected tube thickness, the part is considered to be feasible above the line and unfeasible 

under the line.  For instance, a hollow vessel with a flange to tube outer diameter ratio  Ὀ Ὀϳ   

of 2 is feasible to form using a 3.81 mm thick tube if the tube length ὒ ρπυȢυ άά as shown 

in Fig. 44. A shorter tube will not be providing enough fluid to perform the process.  Figure 45 

shows a process window created for hollow vessels with a flange height of Ὤ ρωȢπυάά at 
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five different tube thicknesses (6.35, 7.62, 8.89, 10.16, and 11.43 mm). In this figure for 

instance, a hollow vessel with a flange to tube outer diameter ratio  Ὀ Ὀϳ   of 2.5 is feasible to 

form using an 8.89 mm thick tube if the tube length ὒ ρτφȢφάά.  Similarly, a process 

window was established for hollow vessels with a flange height of Ὤ ςυȢτ άά at six 

different tube thicknesses (6.35, 7.62, 8.89, 10.16, 11.43 and 12.7 mm) as shown in Fig. 46. 

 

 

Fig. 44: Process window for hollow vessel with flange height of Ὤ ρςȢχ άάȢ   
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Fig. 45: Process window for hollow vessel with flange height of Ὤ ρωȢπυ άάȢ 
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Fig. 46: Process window for hollow vessel with flange height of Ὤ ςυȢτ άάȢ   
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¶ Process window for hollow hexagon flanges  

Process windows were constructed for hollow hexagon shaped flanges using three flange 

heights: Ὤ ρςȢχάά, Ὤ ρωȢπυάά, and  Ὤ ςυȢτάά as shown in Fig. 47, Fig. 48, and 

Fig. 49, respectively.  In these figures, the flange diameter is defined as the distance between 

two parallel flange surfaces. Figure 47 shows a process window established for hollow 

hexagon shaped flanges with a flange height of Ὤ ρςȢχάά using six different tube 

thicknesses (2.54, 3.81, 5.08, 6.35, 7.62, and 8.89 mm).  As mentioned before, the part is 

considered to be feasible above the line and unfeasible under the line at a certain tube thickness.  

For example, a hollow hexagon shaped flange with a flange to tube outer diameter ratio  Ὀ Ὀϳ   

of 3 is feasible to form using a 5.08 mm thick tube if the tube length ὒ ρχχȢυ άά as shown 

in Fig. 47. Figure 48 shows a process window created for hollow hexagon shaped flanges with 

a flange height of Ὤ ρωȢπυάά at five different tube thicknesses (6.35, 7.62, 8.89, 10.16, 

and 11.43 mm). In this figure for instance, a part with a flange to tube outer diameter 

ratio  Ὀ Ὀϳ   of 1.87 is feasible to form using a 8.89 mm thick tube if the tube length ὒ

ρρχȢρχ άά.  Similarly, a process window was constructed for hollow vessel with a flange 

height of Ὤ ςυȢτ άά at six different tube thicknesses (6.35, 7.62, 8.89, 10.16, 11.43 and 

12.7 mm) as shown in Fig. 49. 

¶ Process window for hollow gears  

For a ten teeth hollow bevel gear, a process window for a flange height of Ὤ ςρȢυωάά  was 

constructed using seven tube thicknesses (2.54, 3.81, 5.08, 6.35, 7.62, 8.89, and 10.16 mm) as 

shown in Fig. 50.  For instance, a hollow bevel gear with a flange to tube outer diameter 

ratio  Ὀ Ὀϳ   of 3 is feasible to form using a 3.81 mm thick tube if the tube length ὒ

ρψσ άά. Similarly, a process window was constructed for hollow spur gear with a flange 

height of Ὤ ρωȢπυ άά at six different tube thicknesses (2.54, 3.81, 5.08, 6.35, 7.62, 8.89, 

and 10.16 mm) as shown in Fig. 51. For example, a hollow spur gear with a flange to tube 

outer diameter ratio  Ὀ Ὀϳ   of 3 is feasible to form using a 5.08 mm thick tube if the tube 

length ὒ ρωπȢυ άά. 
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Process window for hollow hexagon-shaped component with flange height of ▐█

Ȣ □□  and die radius of ►▀ Ȣ  □□. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 47: Process window for hollow hexagon with flange height of Ὤ ρςȢχ άάȢ   
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Process window for hollow hexagon-shaped component with flange height of ▐█ Ȣ  □□  

and die radius of ►▀ Ȣ  □□. 

 

 

 

 

 

 

  

 

 

  

 

 

Fig. 48: Process window for hollow hexagon with flange height of Ὤ ρωȢπυ άάȢ   

 

 

0

5

10

15

20

25

30

35

40

1 2 3 4

L
o

/t
o

Df/Do

to=6.35 mm

to=7.62 mm

to=8.89 mm

to=10.16 mm

to=11.43 mm

◄ 

►▀ 

▐▬ 

╓█ 

╓▫ 

▐█ ╓█ 



 

48 

 

 

Process window for hollow hexagon-shaped component with flange height of ▐█ Ȣ □□  

and die radius of ►▀ Ȣ  □□. 

 

 

 

 

 

 

  

  

 

 

 

 

Fig. 49: Process window for hollow hexagon with flange height of Ὤ ςυȢτ άάȢ   
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Fig. 50: Process window for a ten teeth hollow bevel gear. 
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Fig. 51: Process window for a ten teeth hollow spur gear. 

 

3.3   Process design approaches 

Remarkably, a wide range of part geometries are candidates to be formed using the 

hydroforging process as long as these parts are feasible. Similar to THF process, pressure and 
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feed are the main process design components in hydroforging process. A hydroforged part with 

a reasonable thickness distribution can be formed if a proper pressure and feed load path can 

be attained. That can be done using analytical/numerical modeling approaches as primary 

stages in designing the process. The analytical modeling can be used to relate the process 

parameters and variables to the pressure and feed loading path. The model output for the 

pressure and feed load path can be used as an input to perform preliminary numerical 

simulations for the process. The output of the models can then be used as a road map to run 

the hydroforging experiments. Figure 52 shows process design approaches adopted in this 

study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 52: Process design approaches. 

 

3.4   Conclusions  

In this chapter, the tube hydroforging process was introduced as a potential forming technique 

for hollow components including hollow gears, hollow polygon shaped flanges, hollow vessels 

and step shafts. The process feasibility was analyzed by establishing the process window for 

selective part geometries based on volume calculations. A variety of potential parts found to 

be feasible to form by hydroforging process. The feasible parts can further go through a design 

process guidelines by means of analytical and numerical modeling to find the proper pressure 

and feed load path required to produce defect-free parts.  
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CHAPTER 4: ANALYTICAL MODEL FOR PRESSURE AND FEED 

LOAD PATH DETERMINATION IN THICK TUBE 

HYDROFORGING  
 

4.1 Introduction  

During hydrofoging, fluid pressure and material feed need to be accurately coordinated to 

ensure that a defect free part is produced. Since the optimal pressure-feed loading path is 

dependent on multiple variables, it is desirable to establish a general scheme for determination 

of loading paths. Due to the complexity in deriving expression for pressure-feed loading path 

in closed form, a combined analytical-numerical scheme is proposed. The first part of the 

proposed scheme deals with analytical modeling where a set of initial pressure loading paths 

are established. The second part which is covered in chapter 5 deals with refinement of the 

initial loading path using the finite element analysis. 

The analytical model is derived based on plasticity theory of spherical pressure vessels and 

deformation shape evolution. The derivation of the model start by stating the model 

assumptions and describing the methodology and theory used. Pressure equation is then 

derived by relating the process variable, material parameters, boundary conditions and yielding 

criteria. Feed loading path calculations are performed based on volume constancy condition. 

A solution scheme of the model is introduced. Model results for pressure and feed load path 

are discussed. The derived model is focused on simple bulged flanges, however, it can be 

extended for other complex shapes. 

4.2 Model assumptions 

Figure 53 shows three distinct deformation patterns that are exhibited when hydroforging an 

axisymmetric bulge shape. The process cycle can be divided into four stages: spherical bulging 

stage, spheroid bulging stage, expansion stage, and corner filling stage. The stages are further 

subdivided into various deformation zones such as guiding zone, bending zones, bulging zone, 

expansion zone, and dead zone. The tubular blank is assumed to be an isotropic thick tube. The 

tube material obeys the von Mises yield criterion and the elastic deformation is considered to 

be insignificant. The stresses along thickness direction are assumed to vary and estimated by a 

multiplication factor at the outside boundary of the tube. In all stages, the geometrical 

parameters are calculated at each step of the solution. The thinning rate is assumed to be vary 
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uniformly. This implies that strain field is assumed throughout the process and the maximum 

thinning is achieved at the end of the process.  

 

Fig. 53: Geometry evolution stages: (a) Spherical bulge stage, (b) Spheroid bulge stage, (c) 

Expansion and corner filling stage. 

In accordance with the geometrical and shape evolution, the volume of the deformed tube is 

calculated stepwise based on the instantaneous thickness of the tube determined by the 

assumed thinning rate. The thickness of the top bending zone is assumed to approximate the 

initial tube thickness throughout the deformation process, while the bottom bending zone 

exhibits thinning prescribed by the assumed thinning rate. 

4.3 Derivation of fluid pressure loading path 

In the bulging zone the theory of plasticity for thick spherical pressure vessels could reasonably 

be employed to relate the deformation pattern with the internal pressure. The derivation of the 

model starts by taking an infinitesimal element cut from the bulging zone shown in Fig. 54a 

and Fig. 54b, the equilibrium equation in r-direction is given by, 

Ὂ „ Ὠ„  ὶ Ὠὶ Ὠ— ὶᶻ Ὠὶᶻ Ὠ‰  „ ὶ Ὠ— ὶᶻ Ὠ‰

„ Ὠ„  ÓÉÎ
Ὠ—

ς
 ὶᶻ Ὠὶ Ὠ‰  „ÓÉÎ

Ὠ—

ς
 ὶᶻ Ὠὶ Ὠ‰

ς „ÓÉÎ
Ὠ‰

ς
 ὶ Ὠὶ Ὠ— ÃÏÓ— π                                                                  τ ρ 
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Nomenclature 

„ȟ„ȟ„  stress components.                                 „     effective stress 

‐ȟ‐ȟ‐  strain components.                                 ὖ     internal pressure loading 

ὑ     strength coefficient                                 ὸ     deformed section thickness 

ὲ              strain hardening exponent                     Ὑ     bulge inside radius  

‌     bulge angle                                             ὶ     tube inside radius 

‌            current bulge angle                                Ὑ     bending radius   

Ὕὶ      thinning rate                                           ὶ     tube outside radius 

ὶ            die fillet radius rate                                ὸ     initial tube thickness 

Ὤ           flange height                                           Ὑᶻ    strain ratio 

Ὕὶ       maximum allowed thinning                    Ὦ      current solution step, 

–, ‪        strain ratio functions                                ‍      multiplication factor 

ὠ    initial tube volume                                  ὠ      deformed tube volume 

ὠ     top bending zone volume                        ὠ    bottom bending zone volume 

ὠ     bulging zone volume                               ὠ     Expansion zone volume 

ὶ     centroid of top bending zone                   ὶ    centroid of bottom bending 

ὶ     centroid of bulging zone 

 

 

 

                         (a)                                                                          (b) 

Fig. 54: (a) Geometrical relationships, (b) Element in bulging zone. 
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Ὠ„

Ὠὶ

ρ

ὶ
 „  „

„ 

ὶz

„ ÃÏÓ— 

ὶz
                                                                                     τ ς 

Similarly, according to Fig. 54b, equilibrium equation in —-direction can be written as, 

Ὠ„

Ὠ—
  

„  ὶ ÓÉÎ—

ὶz
                                                                                                                   τ σ 

Assuming that the stresses in the hoop and circumferential directions are the same, the solution 

of Eq.(4-3) is, 

„
„  ὶ ÃÏÓ—

ὶz
                                                                                                                           τ τ 

Then, Eq.(4-2) can be written as, 

Ὠ„

Ὠὶ

ρ

ὶ
 „  „

„ 

ὶz

„ 

ὶ
                                                                                                 τ υ 

Where, ὶᶻ ὶ ὶÃÏÓ—. From the volume constancy, ‐ ‐ ‐ πȟ the following 

relationship can be obtained, 

 ‐
‐

ρ Ὑz
                                                                                                                           τ φ 

where Ὑᶻ, is the strain ratio defined by, 

Ὑᶻ
‐

‐
                                                                                                                                           τ χ 

Using flow rules, the following relationship can be obtained, 

Ὑᶻ
Ὠ‐

Ὠ‐

„
„ „
ς

„
„ „
ς

                                                                                                       τ ψ 

Therefore, the stresses are related by the following relationship,  

„
ςὙᶻ ρ„ ρ Ὑᶻ„

Ὑz ς
                                                                                              τ ω 

The effective strain and effective stress according to Von Mises yield criteria are given by the 

following equations, respectively, 

‐Ӷ
ς

σ
‐ ‐ ‐                                                                                                         τ ρπ 

„
ρ

Ѝς
„ „ „ „ „ „                                                              τ ρρ 
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Substitution of Eqôs.(4-6) and (4-7) into Eq.(4-10) and Eq. (4-9) into Eq.(4-11) leads to the 

following relationships, 

„ ‪„ „                                                                                                                            τ ρς 

‐Ӷ– ‐                                                                                                                                         τ ρσ 

Where, 

ừ
Ử
Ử
Ừ

Ử
Ử
ứ
Ὕὶ Ὕὶ  Ὦήϳ

  ‐ ÌÎρ Ὕὶ

‪ Ѝσ 
 Ὑz Ὑz ρ 

Ὑz ς

–
ς

Ѝσ 
 
Ὑz Ὑz ρ

ρ Ὑz

                                                                                                      τ ρτ 

The behavior of the strain ratio function – is shown in Fig. 55. From this figure, the strain ratio 

function – is singular at Ὑᶻ ρȢ  According to the volume constancy equation, this particular 

value of Ὑᶻ implies ‐ πȟ which cannot occur. To overcome this contradiction, positive strain 

ratio is assumed. Note that the values of – function are essentially constant for positive Ὑᶻ. 

 

 

Fig. 55: The behavior of the strain ratio function Ɫ. 
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Detailed derivation of Eqôs.(4-12), (4-13), and (4-14) can be found in appendix A. The relation 

between stress and strain can be expressed by power law „ ὑ‐Ӷ. Through back substitution 

of Eqôs.(4-12) and (4-13) into Eq.(4-5), Eq.(4-15) can be obtained, 

Ὠ„

Ὠὶ
 

ρ

ὶ ὶÃÏÓ—
 
ρ

ὶ
 „

ρ

ὶ
 
ς „

‪
                                                                        τ ρυ 

Equation (4-15) is a first order differential equation that can be solved with the proper 

integration factor and applying the following boundary conditions at the inner and outer surface 

of the bulge, respectively, (At ὶ Ὑ,   „ ὖ,  ὶ πȟ and   at ὶ Ὑ ὸ,   „ ‍ὖ,  

ὶ π), where ‍  is a boundary multiplication factor. The solution of Eq. (4-15) determines 

the instantaneous pressure loading path throughout the process given by Eq. (4-16), 

ὖ 

ς „
‪ὶ  

Ὑ ὸ
 ὶ ÌÎ

Ὑ
Ὑ ὸ

 ὸὙ ὸ

ς ὶ
 ρ ÃÏÓ—

ὸ
Ὑ

Ὑ ὸ
Ὑ ὶ ὙÃÏÓ— ‍ὶ Ὑ ὸÃÏÓ—

                 τ ρφ 

The pressure equation Eq.(4-16) can be applied at any angle — in the bulging zone. At the bulge 

tip, the angle — π and can be used to calculate the pressure in all stages. The value of strain 

ratio Ὑᶻ is calculated corresponding to the selected angle — π. Other geometrical variables 

including Ὑ and ὶ are calculated in accordance to each deformation stage. The multiplication 

factor ‍ works as pressure scaling factor such that the higher the value of ‍ the higher the 

pressure profile and vice versa.  Detailed derivation of Eq.(4-16) can be found in appendix B. 

4.4 Geometrical parameter determination 

In order to calculate the instantaneous pressure and feed, the following geometrical variables 

have to be determined: ‌ȟ Ὑȟ Ὑ ȟὶᴂ ÁÎÄ ὨȢ  The bulge angle ‌ identifies the end of the 

spherical bulge stage given by the following equation, 

 ‌ ÔÁÎ

Ὤ
ς ὶ

ὶ ὶ
                                                                                                               τ ρχ 

Based on the number of solution steps, the bulge angle, ‌ can be divided to ὲ steps, and then 

values for ‌ can be generated stepwise.  From the geometries shown in Fig. 56, the spherical 

bulge inner radius at the end of the spherical bulge stage Ὑ  can be calculated by the following 

geometrical relationship, 
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Ὑ ὶ ὶ
Ὤ

ς
ὶ ὶ ὸ                                                                           τ ρψ 

Also, the values of the inner bulge radius Ὑ can be generated. Similarly, other geometrical 

parameters can be calculated for each stage as listed in Fig. 56. 
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Fig. 56: Geometrical parameters calculation for all deformation stages. 
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4.5 Material feed determination 

Volume calculations for the deformed tube are carried out assuming volume constancy 

condition is held during all stages to determine the proper material feed. The volume constancy 

condition implies,  

ὠ ὠ                                                                                                                                            τ ρω 

where, ὠ is the initial tube volume, and ὠ is the calculated volume at Ὦ step.  The initial tube 

volume, ὠ is given by, 

ὠ “ὶ ὶ ὒ                                                                                                                    τ ςπ 

where ὒ is the initial length of the tube. Using the geometrical parameters and relationships 

shown in Fig. 56, the instantaneous volume for the deformed tube not including the guiding 

zone can be determined stepwise.  Figure 57 shows a schematic for volume and feed path 

calculations for all stages. The volume of the deformed tube at each step can be calculated by 

adding the volume of four deformation zones: top bending zone, bottom bending zone, bulging 

zone, and expansion zone volume. Therefore,  

ὠ ὠ ὠ ὠ ὠ                                                                                                    τ ςρ 

where, ὠ  is the volume of the top bending zone, ὠ  is the volume of the bottom bending 

zone, ὠ  is the volume of the bulging zone, and ὠ  is the volume of the expansion zone. As 

mentioned before, it is assumed that at the top bending zone, the average thickness of the 

deformed tube approximates the original tube thickness ὸ. Equations for volume calculations 

at each zone are listed in Table 1 where ὶ  is the radial centroid of the top bending zone, ὶ  

is the radial centroid of the bottom bending zone, and  ὶ  is the radial centroid of the bulging 

zone. Detailed derivation for Eqôs.(4-22), (4-23) and (4-24) can be found in appendices C and 

D, respectively.  

ὶ Ὑ ὶ
ςÓÉÎ‌

σ‌

Ὑ ὸ Ὑ

Ὑ ὸ Ὑ
                                                                τ ςς 

ὶ Ὑ ὶ
ςÓÉÎ‌

σ‌

Ὑ ὸ Ὑ

Ὑ ὸ Ὑ
                                                                 τ ςσ 

ὶ  ὶ
ςÓÉÎ‌

σ‌

Ὑ ὸ Ὑ

Ὑ ὸ Ὑ
                                                                                τ ςτ 
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Fig. 57: Geometrical parameters calculation for all deformation stages. 

 

Table 1: Volume equations in all deforming zones for each process stage. 

Deforming zones 

Process Stages 

Spherical bulging 

Volume 

Spheroid bulging 

Volume 

Expansion and corner 

filling volume 

Bending, ╥║╣▒ “ ὶ  ‌ ςὸὙ ὸ  “ ὶ  ‌ ςὸὶ ὸ  “ ὶ  ‌ ςὸὶ ὸ  

Bending, ╥║║▒ “ ὶ  ‌ ςὸὙ ὸ  “ ὶ  ‌ ςὸὶ ὸ   “ ὶ  ‌ ςὸὶ ὸ  

Bulging, ╥╛▒ ς “  ὶ ‌ ςὸὙ ὸ  ς “  ὶ ‌ ςὸὙ ὸ  ς “  ὶ ‌ ςὸὙ ὸ  

Expansion, ╥╔▒ 0 0 τ “ Ὠὸ ὶ ὶ
Ὠ

ς
 

 

4.6 Solution scheme 

Figure 58 shows a schematic for the solution scheme adopted in the model. In all stages, the 

geometrical parameters are calculated at each step of the solution. The thinning rate is assumed 

to be varied throughout the process and the maximum thinning is achieved at the end of the 

process. In accordance with the geometrical and shape evolution, the volume of the deformed 
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tube is calculated stepwise based on the instantaneous thickness of the tube determined by the 

assumed thinning rate.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 58: Solution scheme adopted in the model. 

 

4.7 Analytical modelôs result and discussion 

The pressure equation (4-16) is used to calculate the pressure value at each deformation stage. 

This equation includes a multiplication factor ‍ that works as a scaling factor for the pressure 

curves. Values of ‍ πȢπ ‍ πȢυ were used to generate the pressure curve such that the 

higher the ‍ value the higher the pressure value. Aluminum Al-6061 and stainless steel SS-

304 tubes were used to perform pressure and feed calculations. 

4.7.1 Results for aluminum (Al-6061) tubes 

The model output of pressure and feed load path are generated for hollow vessel shown in Fig. 

59 with different flange heights using a die fillet radius of 8 mm for an aluminum tube with a 
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5mm initial thickness.  Figure 60 shows the model output for the possible pressure and feed 

load paths for a part with flange height of 12mm. In this figure, when ‍= 0.0, the maximum 

pressure value reaches 100MPa while a maximum pressure of 120 MPa is calculated at ‍ =0.5. 

Material feed of 42.97mm was obtained. Figure 61 shows the model output for the possible 

pressure and feed load paths at flange height of 15mm. From this figure, when ‍= 0.0, the 

maximum pressure value reaches 80MPa while a maximum pressure of 100MPa is calculated 

at ‍ =0.5. Material feed of 43.17mm was calculated. At flange height of 18mm, a maximum 

pressure of 67MPa was obtained at ‍= 0.0, while a maximum pressure of 95MPa was 

calculated at ‍= 0.5, and Material feed of 43.33mm as shown in Fig. 62. Figure 63 shows the 

pressure and feed curves for a flange height of 21mm. A maximum pressure of 57 MPa was 

obtained at ‍= 0.0 and 87 MPa when ‍= 0.5. Material feed of 43.5mm was calculated.  

 

 

Fig. 59: Geometrical parameters of a hollow vessel. 
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Al-6061, ▐█ □□ȟ   ►▀ □□ȟ    ◄▫ □□ȟ╓▫ Ȣ □□ȟ ╓█ Ȣ □□ 

      

Fig. 60: Model output for pressure and feed loading path for 5 mm aluminum tubes with 

flange size 12 mm. 

 

 

Al-6061, ▐█ □□ȟ   ►▀ □□ȟ    ◄▫ □□ȟ╓▫ Ȣ □□ȟ ╓█ Ȣ □□ 

 

Fig. 61: Model output for pressure and feed loading path for 5 mm aluminum tubes with 

flange size 15 mm. 
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